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SHEAR TESTING OF SIMULATED LUNAR SOIL IN ULTRAHIGH VACUUM 

by 

B. V. Johnson,' W. W. Roepke,2 and K. C. Strebig3 

ABSTRACT 

The Federal Bureau of Mines has conducted research in support of the 
National Aeronautical and Space Administration's (NASA) Apollo program to 
acquire fundamental scientific and engineering knowledge of lunar-mineral 
resources for NASA's Office of Advanced Research and Technology. Equipment 
and techniques were developed to conduct soil shear tests in a simulated 
lunar environment. Shear tests performed with this equipment in ultrahigh 
vacuum and controlled laboratory atmosphere showed that simulated lunar soil 
increased in strength in the simulated lunar environment. 

INTRODUCTION 

The Federal Bureau of Mines is engaged in a research program to acquire 
fundamental scientific and engineering knowledge of lunar-mineral resources 
for the National Aeronautical and Space Administration's (NASA) Office of 
Advanced Research and Technology. This program envisions the utilization of 
lunar soil and rock to support future manned space missions. One part of this 
investigation is the assessment of the problems associated with the handling 
and storage of fine particulate materials on the moon. 

To assess these materials handling problems, it is necessary to determine 
certain basic physical properties that would influence the handling and 
storage of lunar soil in the lunar environment. One of the important physical 
properties is the shear strength of the soil. Because the tests had to be 
conducted in an ultrahigh vacuum (UHV) chamber, which requires long pumpdown 
times, it was necessary to use a torsional shear tester that allowed repeti- 
tive tests on single samples of powder material without opening the vacuum 
chamber between tests. 

The preliminary laboratory atmospheric work was performed by 
D. E. Nicholson at Spokane Mining Research Center (SMRC) and has been 

1 Physic is t . 
2Principal vacuum specialist. 
3Mining engineer. 
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described elsewhere The simulated lunar environment t e s t i n g  was per-  
formed by Twin  Ci t ies  Mining Research Center because of previous knowledge of 
lunar mater ia ls  and i t s  capab i l i ty  i n  UHV research. 

This repor t  describes the  equipment and procedures used t o  determine the  
shear s t reng th  of simulated lunar s o i l  (SLS) and t o  compare the  shear s t rength 
of SLS 'under atmospheric and under UHV condit ions.  

ACKNOWLELZNENT 

M. J. J. Gangler of NASA's  Office of Advanced Research and Technology, 
Washington, D.C.,  monitored the  work upon which t h i s  repor t  is  based. 

SIMULATED LUNAR SOIL 

Since the  exact s t a t e  of rocks and s o i l s  on t he  lunar surface  was not 
known, it was necessary t o  make some assumptions. I f  the worst case fo r  
shearing forces of s o i l  i n  a lunar environment i s  assumed, one must be 
prepared fo r  the  pos s ib i l i t y  t ha t  hundreds of mil l ions  of years of exposure t o  
hard vacuum, rad ia t ion ,  and micrometeorite bombardment i n  space may have 
produced a lunar surface  t ha t  i s  t o t a l l y  outgassed t o  a considerable depth. 
S o i l  and rock surfaces  outgassed t o  such an extent  approach an atomically 
c lean condit ion where the  rock/vacuum in t e r f ace  would have less than one-half 
monolayer of any molecules superimposed upon the  rock surface.  

Despite the  presence of a very low res idua l  gas pressure i n  the  UHV 
system simulating the  lunar atmosphere, it is  not known how nearly these  t e s t s  
approximated the  hypothesized u l t r ac l ean  surface  condit ions of t h e  lunar s o i l  
material .  Thus, although t h i s  work represents a va l i d  simulation of both 
lunar environment and mate r ia l s ,  t he  t r u e  surface  condit ions of t he  lunar 
mater ia ls  may not have been achieved with the  test mater ia l .  The r e s u l t s  of 
t h i s  t e s t i n g  could be ser iously  misinterpreted i f  t h i s  consideration were 
overlooked. Even though an exact dupl icat ion of the  lunar s o i l  may not have 
been achieved, g rea t  ca re  was taken t o  approximate the  hypothesized condit ions 
c losely .  

The pa r t i cu l a t e  sample used was prepared by the  Spokane Mining Research 
Center (5) .  
i n  cen t r a l  Oregon was f i r s t  fed i n t o  a standard gyratory crusher and then a 
cone-type gyrator  r o l l  crusher (2). 
1/8-in (3.2-mm) screen,  and the  undersize was fed i n to  a 20,000-rpm impact 
m i l l .  
with the  Apollo 11 samples ( f i g .  1). 

A l a rge  sample of t h o l e i i t i c  ba sa l t  from the Columbia River Basin 

The crusher product was passed over 

The r e s u l t  was a sample with a s i z e  d i s t r i b u t i o n  t h a t  compared c losely  

PREPARATION OF SAMPLE FOR UHV 

To prepare the  pa r t i cu l a t e  sample fo r  the  UHV t e s t s ,  a 170-gram portion 
of the  sample was f i r s t  baked i n  a low-vacuum oven ( lom2 t o r r )  a t  135" C for  

4Underlined numbers i n  parentheses r e f e r  t o  i t e m s  i n  the  l i s t  of references a t  
the  end of t h i s  report .  
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FIGURE 1. - Size distribution curves of simulated lunar soil and Apollo 11 return samples. 

1 month. When the sample was in the UHV chamber with pumpdown underway, the 
sample was stirred intermittently to maximize outgassing of the material 
before final testing began. 

UHV SYSTEN 

Experimental equipment used in the torsional shear studies included a UHV 
system capable of simulating the lunar vacuum (lo-’ to torr region), 
auxiliary measuring devices capable of accurately determining pressure and 
temperature in the UHV system while experiments were underway, and the experi- 
mental apparatus for use in the system to produce shear stresses and sense the 
resultant torque in a particulate bed of simulated lunar material. 

The ion-pumped UHV system had sorption starting pumps and a titanium 
sublimator to handle the 254-liter volume with a nominal pumping speed of 
400 l/sec at standard temperature and pressure. The system could reach a 
pressure better than 5 x lomx2 torr when baked, clean, and empty. Pressure 
gaging, in addition to the pump current, included a nude Bayard-Alpert gage 
and a quadrupole residual gas analyzer (RGA) with a bakeable head. The RGA 
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had a s e n s i t i v i t y  of 1 x lomi5 amp/torr for  n i t rogen,  with a mass range from 
1 t o  500 amu, providing a rapid  q u a l i t a t i v e  method of determining the  gas 
species remaining i n  the chamber and t h e i r  r e l a t i v e  amounts. The system was 
equipped with f i v e  s t r a p  heaters  t o  f a c i l i t a t e  bakeout. This bakeout helped 
the  system t o  degas resu l t ing  i n  a f a s t e r  pumpdown and a lower u l t imate  
pressure. 

FIGURE 2. - Closed UHV system with  console. 
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Figure 2 shows the  UHV system i n  t h e  laboratory. Working space i n  the  
chamber was approximately 24 i n  (0.61 m) i n  height  by 18 i n  (0.46 m) i n  
diameter. Twelve 1-1/2-in (0.038-m) por ts  w e r e  located on the  circumference 
of the  pump w e l l  fo r  instrumentation o r  motion feedthroughs, and th ree  6- in 
(0.15-m) por ts  were located on the  chamber wall  t o  accomodate t h e  viewing 
windows and t h e  RGA head. The e n t i r e  vacuum system used copper gaskets ,  and 
a l l  ro ta ry  motion was e i t h e r  by magnetic coupling o r  by bellows-sealed eccen- 
t r i c  sha f t s .  
external  t o  the  system but coupled with the  i n t e r n a l  mechanism through a l a rge  
magnetically coupled feedthrough. 
feedthrough was used for  holding and posi t ioning t h e  powder.bed s t i r r i n g  
device, and one bellows-sealed eccen t r i c  sha f t  feedthrough was used t o  raise 
and lower t h e  shear head. 
ceramic feedthroughs for  e l e c t r i c a l  connections. 

The drivingmechanism f o r  ro ta t ing  the  vane shear head was 

One bellows-sealed l i n e a r  motion 

The system was a l s o  equipped with two eight-pin 

UHV TECHNIQUES 

Because of the  d i f f i c u l t i e s  associated with a t t a i n i n g  a UHV s u f f i c i e n t  
fo r  a v a l i d  lunar environment simulation (10'' t o  10'l t o r r ) ,  extreme care i n  
procedures and handling of pa r t s  was absolute ly  mandatory. 
were excluded, and the  maximum exclusion of water vapor was essen t i a l .  Proper 
system handling therefore  began with t h e  general laboratory conditions. This 
work was conducted i n  an area where no smoking was allowed and no o i l- sea led  
pumps were used. An attempt was made t o  keep t h e  r e l a t i v e  humidity a t  l e s s  
than 35 p c t  (6.8 g=/m3) by temperature control  a t  21" C +lo C with constant  
dehumidifying. 

A l l  hydrocarbons 

When t h e  chamber was backf i l led  with dry n i t rogen and opened f o r  sample  
i n s e r t i o n ,  a l l  work was performed with the  hands ca re fu l ly  covered t o  exclude 
f ingerpr in t s .  The main copper gasket was replaced, and a l l  e l ec t ron ic  
c i r c u i t s  and s t r a i n  gage bridges were checked f o r  cor rec t  operation. Sample 
i n s e r t i o n  was performed d i r e c t l y  from the  vacuum oven where the  sample had 
been preconditioned. The chamber was closed,  and t h e  main f lange was bolted 
together. 
pa i r s  by going around twice a t  35 f t - l b  (47 N-m), twice a t  55 f t - l b  (75 N-m), 
and twice a t  70 f t - l b  (95 N-m). After  t h i s  i n i t i a l  c losure ,  the  system was 
rough pumped by an o i l l e s s  carbon-sealed pump, which evacuated the  chamber t o  
about 100 t o r r .  The bakeout heaters  were on fo r  the  l a s t  3 h r  of the  4-hr 
i n i t i a l  roughing cycle. During the  f i n a l  hour of i n i t i a l  roughing, the  molec- 
u l a r  sieve pumps were c h i l l e d  by immersion i n  l i q u i d  n i t rogen i n  preparat ion 
fo r  t h e  l a s t  s t e p  of roughing before t h e  system ion pump was s t a r t e d .  
the  bakeout was shut off  and t h e  carbon vane pump was valved o f f ,  the  f i r s t  of 
th ree  s i eve  pumps was opened t o  the  chamber. Sieve pumping was continued 
u n t i l  the  pressure reached less than 5 x t o r r .  This pressure was then 
low enough f o r  the  ion pump t o  be turned OR. 
leak ,  t h e  pressure would be less than t o r r  wi th in  90 sec. 

This procedure required t h a t  36 b o l t s  be t ightened i n  opposing 

When 

Assuming the  system had no major 

A t  t h i s  point ,  the  quadruple mass spectrometer was s t a r t e d ,  and a 
thorough leak chasing w a s  performed. This was done by using the  mass spectrom- 
eter tuned t o  4 amu so t h a t  helium could be used a s  a t r a c e r  gas. When the  
operator  was s a t i s f i e d  t h a t  the  system was leak f r e e ,  the  bakeout procedure 
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was s t a r t e d .  This bakeout period extended a s  long a s  necessary f o r  t h e  
chamber pressure t o  r ise t o  a maximum pressure and s t a r t  going down again. 
For the  t e s t i n g  f o r  t h i s  r epor t ,  the  bakeout was shut  off  a f t e r  t h i s  turn-  
around point. 

Af ter  the  heaters  had been shut  o f f ,  the  cryoshroud w a s  f i l l e d ,  and t h e  
t i tanium sublimator pump (TSP) was used during the  cooling period. 
chamber s i z e  used i n  t h k  work, the  system required about 18 h r  t o  cool  t o  
room temperature. A t  t h i s  equil ibrium point ,  t h e  normal t e s t i n g  procedure 
s t a r t e d .  The elapsed t i m e  from opening t h e  chamber t o  i n i t i a t i o n  of t e s t i n g  
f o r  the  sample mater ia l  and volume used was approximately 2 weeks with most of 
t h i s  t i m e  being spent on bakeout and leak chasing. 

For the  

SHEAR TESTER 

The to r s iona l  vane shear apparatus was designed fo r  remote operat ion and 
UHV compatibi l i ty.  
s o i l  mater ia l  possible i n  a simulated lunar vacuum of l o 4  t o  
s t i l l  maintaining t h e  same basic concept and elements of a s tandard to r s iona l  
vane shear t e s t e r .  The apparatus,  shown i n  the  open chamber i n  f igure  3 ,  has 
only three  major pa r t s :  The supporting frame (which was adapted f o r  use from 
UHV d r i l l i n g  research) ,  the  vane shear head with b u i l t - i n  torque sensing,  and 
the  sample conta iner  with a b u i l t - i n  normal load ce l l .  

It made shear s t r eng th  measurements of simulated lunar 
t o r r  while 

The UHV to r s iona l  shear tester was patterned a f t e r  the  one developed by 
Walker for  shear t e s t i n g  f i n e  coal  ( 7 ) .  The Walker shear t e s t e r  is  s i g n i f i -  
can t ly  d i f f e r e n t  from the  more commo&y used d i r e c t  shear tester, but it did 
allow e a s i e r  adaptat ion t o  the already ex i s t ing  UHV d r i l l  frame with only 
modifications i n  mater ia l  and a few minor design changes. The d r i l l  frame, 
made of 316 s t a i n l e s s  steel ,  r e s t e d  on the  bottom of the  UHV chamber and was 
r i g i d l y  fastened i n  place a t  the  main f lange by four adjus table  tapered shims. 

Power f o r  t h e  vane shear head was supplied by a 1/20-hp (37 watts)  
12 f t - l b  (17  N-m) continuous-duty 2-rpm gear motor coupled t o  a 280:l gear 
reduction box; t h i s  assembly was mounted outside the  t e s t  chamber. The gear 
box output was coupled by a V-belt t o  a magnetic feedthrough capable of 
t ransmit t ing  6 f t - l b  ( 8  N-m) of torque. 
feedthrough was connected through a p a i r  of universa l  j o i n t s  t o  a set of bevel 
gears. The bevel gears allowed a 90" change i n  d i rec t ion  so  t h a t  t h e  horizon- 
t a l  input s h a f t  would dr ive  the  v e r t i c a l  s p l i n e  sha f t .  The sp l ine  s h a f t  and a 
mating b a l l  bearing sp l ine  nut allow t h e  ca r r i age  holding the  shear head t o  
move v e r t i c a l l y .  Rotary motion i s  t r ans fe r red  t o  the  shear head from the  
s p l i n e  s h a f t  by a pinion gear on the  s p l i n e  nut  mated with a spur gear on t h e  
shear head shaf t .  A schematic diagram of t h i s  t o t a l  power t r a i n  i s  shown i n  
f igure  4 .  
shear head was ca lcula ted  t o  be 1/1,800-rpmJ t h e  f i n a l  speed a f t e r  c a l i b r a t i o n  
was found t o  be 1/2,000-rpm, o r  approximately 11 p e t  slower than ca lcula ted .  

The ins ide  sha f t  of  the  magnetic 

Although design speed (and thereby t h e  shear s t r a i n  r a t e )  of the  
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FIGURE 4. - Power train. 



9 

The ca r r i age  with the vane shear head was moved v e r t i c a l l y  by a cable  
running from the top of the  ca r r i age  over th ree  pulleys and down t o  a b a l l  nut  
and screw. 
could be t r a n s l a t e d  i n t o  a l a rge  l i n e a r  motion with a mechanical advantage of 
100. Rotary motion was supplied manually by a bellows-sealed ro ta ry  feed- 
through connected t o  the  b a l l  screw on the  vacuum s i d e  through a p a i r  of 
universa l  j o i n t s  t o  allow for  a small o f f s e t .  The ca r r i age  was thus ab le  t o  
move v e r t i c a l l y  on t h e  four guide shaf ts .  
both t h e  top and bottom p l a t e  of the  carr iage  provided easy movement with good 
alinement. 

The b a l l  nut and screw were used so t h a t  unlimited ro ta ry  motion 

Linear b a l l  bushings mounted i n  

The top sec t ion  of t h e  shear head assembly ( f ig .  5) had four f l a t  spokes 
t h a t  were s t r a i n  gaged t o  sense torque on the  shear head. The shear head 
i t s e l f  had four l i n e a r  b a l l  bushings mounted i n  i t  t o  allow v e r t i c a l  movement 
on the  supporting rods. Springs with a r a t i n g  of  2,000 gm/cm were mounted on 
the  supporting posts of t h e  shear head between the  head and torque sensor. 
These spr ings  prevented contact  between the  two par t s  and were designed t o  
he lp  maintain a constant normal load during t h e  shear tests ( f i g .  6 ) .  

The annular sample chamber was supported by four can t i l ever  beams, gaged 
both top and bottom with an eight-active-gage bridge configurat ion designed t o  
average the  normal force  applied t o  the  sample. The bridges were ca l ib ra ted  
by deadweight loading. 

The s t i r r i n g  device, although not used during t h e  ac tua l  shear t es t ,  
allowed t h e  sample t o  be thoroughly mixed and leveled before each test and 
thus permitted making an i n f i n i t e  number of tests with one pumpdown. A l l  
moving pa r t s  i n  the  system were coated with MoS, t o  prolong working l i f e  
without a f f e c t i n g  the  i n t e g r i t y  of the UHV. 

PERFORMANCE OF TESTS 

The f i r s t  s t e p  i n  each tes t  cycle  was s t i r r i n g  t o  mix and l e v e l  the  s o i l .  
This was accomplished by posi t ioning the  vane shear head t o  f a c i l i t a t e  mating 
of the  head and s t i r r i n g  device. After  jo in ing the  s t i r r i n g  device t o  t h e  
vane shear head, the  combination was ro ta ted  90' t o  remove the  s t i r r i n g  device 
from i t s  s torage  holder. The s torage  holder was then r e t r a c t e d  so  t h a t  the  
combination could be lowered. 
Af ter  the  stirrer was ro ta ted  through two revolutions a t  a maximum depth of 
0.84 in  (0.021 m), the  head and stirrer were slowly ra i sed  while r o t a t i o n  was 
continued. F ina l ly ,  the  combination was ro ta ted  severa l  revolutions with the  
s t i r r i n g  device j u s t  touching the  surface  of the  s o i l  t o  l e v e l  t h e  s o i l  
completely. 
the  stirrer t o  i t s  holder and moving it back out  of the  way. 
s t r a i n  gage bridge imput voltages were checked. The bridge output and the  
X-Y recorders were checked f o r  e l e c t r i c a l  and/or mechanical zeroes. 

This sequence of events is  shown i n  f igure  7L-F. 

The head w a s  then decoupled from the  s t i r r i n g  device by re turning 
A t  t h i s  t i m e  a l l  
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FIGURE 6 .  - Closeup of shear tester. 
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FIGURE 7. - Mating of s t i r r ing device with shear head. 
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After  recording t h e  gas pressure i n  the  chamber, the  vane shear head was 
lowered t o  t h e  consolidat ing load l e v e l  f o r  1 h r  and then readjusted t o  the  
normal load shearing l eve l  d i c t a t e d  by t h e  test. With the  recorders on, the  
e l e c t r i c  dr iv ing motor fo r  the  vane shear head was s t a r t ed .  Normal load w a s  
maintained a t  a constant  l e v e l  throughout t h e  test .  
t h e  tangent ia l  load reached i ts  f i n a l  plateau,  which usually took about 
1-1/2 h r  (16' of r o t a t i o n )  depending on the  shearing load, t h a t  i s ,  the  higher 
t h e  load the  longer i t  took. 
was ra i sed ,  and the  bridges and recorders were rechecked for  zero s h i f t s .  Any 
discrepancy i n  zeroes caused t h e  t e s t  t o  be rerun. 
again,  and the  apparatus was ready fo r  t h e  next test .  

The t e s t  continued u n t i l  

After  a tes t  was completed, t h e  vane shear head 

The pressure was recorded 

To determine the  e f f e c t  of UHV on the  shear s t r eng th  of SLS, dupl ica te  
tests were run i n  both UHV and control led  laboratory atmospheric conditions. 
I n  a s tandard tes t  series, the  sample was f i r s t  sheared a t  a normal load equal 
t o  the  consolidat ing load; fo r  the  remaining cycles i n  the s e r i e s ,  t h e  SLS was 
s t i r r e d  and leveled again then sheared under a normal load t h a t  was decreased 
1 kg pe r  cycle u n t i l  a normal load of 1 kg was reached. Thus, fo r  laboratory 
atmospheric and UHV condit ions,  t h e  6-kg s e r i e s  contained s i x  test  cycles and, 
the  1-kg series contained one test  cycle. 

DATA ANALYSIS 

The r e s u l t s  of the  tests a r e  shown i n  t ab le  1. The data were analyzed by 
the  use of the  least- squares method. The resu l t ing  s t r a i g h t - l i n e  equations 
a r e  shown i n  t ab le  2. The data from the  3- ,  4 - ,  5-, and 6-kg series were a l s o  
graphed ( f i g s .  8-11). The percentage increase i n  the  shear force is shown i n  
t ab le  1 also .  

Further analys is  t o  determine the  d i f ference  between tests i n  laboratory 
atmosphere and UHV w a s  accomplished by applying a l i n e a r  model and the  
ana lys i s  of variance t o  the  data from the  3- , 4 - ,  5-, and 6-kg s e r i e s .  
l i n e a r  model used was a s  follows: 

The 

Y(k,i) = normal load (k) + I(i) 0 A -k e r r o r  ( k , i ) ,  

where k is the  normal load i n  kg, 
I ( i )  = 0 i = l  

= 1  i = 2  

Y(k,i) is an observed t e s t  point a t  k kg of normal 
load and fo r  tests i n  a vacuum i = 2 o r  i n  
atmosphere i = 1, 

and e r r o r  ( k , i )  i s  experimental e r ro r .  

The focus of a t t e n t i o n  i s  on A ,  which represents  the  increase  (averaged 
over the  range of data)  i n  u l t imate  shearing force when the  tests a r e  per-  
formed i n  a UHV. This analys is  i s  shown i n  t a b l e  3. 
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Consolidating Equation I Coefficient of 

6 y = -0.75 + 1.21x 0.997 

x = Normal load i n  kilograms, 

5 
4 
3 

6 
5 
4 
3 

TABLE 3. - Analysis of variance 

y = -0.12 + 1 . 1 4 ~  .998 
y = -0.55 + 1 . 3 0 ~  .999 
y = 0.70 + 1 . 0 0 ~  1.000 
TESTS I N  ATMOSPHERF, 
y = -0.79 + 1 . 1 3 ~  0.996 
y = -0.42 + 1 . 0 8 ~  1.000 
y = -0.45 + 1.1ox .999 
y = 0.63 + .85x .999 

Normal load...... 6 461.55 - - 
Delta............ 1 .54 0.54 54 (4.5) 
Error............ 15 .15 . O l O  

Total  462.24 - - ....... 22 

- 
0.31 - - 

Normal load...... 5 118.30 - - 
Delta............ 1 .58 0.58 52 (5.0) 

.044 * 011 - Error............ 4 
Total 118.92 - - ....... 10 

- 
0.48 

- 
- - Normal load...... 4 64.42 

Delta............ 1 .32 0.32 10 (10) 
Error............ 3 .10 .033 - 

. 64.84 - - Total.. ..... 8 

- 
0.40 - - 

Normal load...... 3 41.43 - - 
Delta............ 1 .20 0.20 17 (18.5) 
Error............ 2 ,023 .012 - - Total  41.65 - ....... 6 - 

- 
0.36 - - 
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Delta is  c l e a r l y  s i gn i f i c an t  f o r  the  5- and 6-kg series, marginally 
s i gn i f i c an t  for  t he  4-kg s e r i e s ,  and f a i l s  t o  be s i gn i f i c an t  fo r  t he  3-kg 
series. 
the  l imi ted  amount of data avai lable .  

The loss  of s ignif icance i n  the  3- and 4-kg s e r i e s  i s  probably due t o  
Data from Spokane Mining Research 
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Center are shown on the 3-kg series graph; however, there were not enough data 
to look at statistically. 

CONCLUSIONS AND RECOMMENDATIONS 

The results show that the shear strength of SLS is definitely affected by 
the environment. 
tests conducted in a controlled laboratory environment. 
indicate that materials handling in the lunar environment will require a sub- 
stantial increase in energy. 

Shear strength of the SLS tested in UHV increased over all 
These test results 

This research has shown conclusively that it is possible to design opera- 
tional equipment for moderate loads operating in UHV conditions. This work is 
significant not only for the testing potential of the apparatus but because it 
has shown that operating mechanisms may be designed that will not degrade 
mirrors or invalidate other nearby instrument results owing to outgassing 
during operation in the hard vacuum of space, 

It is recommended that further work on this problem be expanded to 
include the full temperature range of the lunar surface. Future studies 
should also include the use of some uncontaminated lunar soil so that a direct 
comparison might be obtained. Fundamental studies should also be made to 
determine the processes that cause the increased shear strength. 
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